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Modeling the Production of
Multiple Ecosystem Services from
Agricultural and Forest Landscapes
in Rhode Island
Tingting Liu, Nathaniel H. Merrill, Arthur J. Gold,
Dorothy Q. Kellogg, and Emi Uchida
This study spatially quantifies hydrological ecosystem services and the production
of ecosystem services at the watershed scale. We also investigate the effects of
stressors such as land use change, climate change, and choices in land management
practices on production of ecosystem services and their values. We demonstrate
the approach in the Beaver River watershed in Rhode Island. Our key finding is that
choices in land use and land management practices create tradeoffs across multiple
ecosystem services and the extent of these tradeoffs depends considerably on the
scenarios and ecosystem services being compared.
Key Words: climate change, ecosystem services, land use change, SWAT, tradeoff
analysis

Over the past century, human-dominated land uses have spread rapidly across
landscapes all over the world (Food and Agriculture Organization 2012). In the
eastern United States, a major trend is that urbanization is causing both forest
and agricultural lands to decline (Zhou et al. 2010). For example, in Rhode
Island, urban sprawl has affected landscapes across the state with residential
areas spreading further away from the city of Providence (Rhode Island Division
of Planning 2006). In addition, the remaining working farm land has become
more intensively managed. Combined, these land use and land management
changes are leading causes of losses in valuable ecosystem services associated
with managed forests and agricultural lands such as provision of clean water,
regulation of streamflow, and support of wildlife habitat (Hascic and Wu 2006).
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One challenge associated with enhancing ecosystem services in Rhode
Island is that about 90 percent of land in the state is privately owned (Natural
Resources Council of Maine 1995). Owners of agricultural and forest land
provide private goods in the form of crops and timber. However, they do not
have incentives to protect ecosystem services that provide public goods, such
as water quality and environmental flow, which is the amount of flow necessary
to maintain aquatic habitat. These issues call for public policy to motivate
private owners to provide these types of ecosystem services.
Another challenge for decision-makers in designing policies to protect or
enhance multiple ecosystem services in a landscape is that they need to make
tradeoffs across those services. Conversion of agricultural land into residential
and commercial developments may spur regional economic growth and increase
a tax base but lead at the same time to even worse water quality and increased
flood risk. To inform decision-makers, it is necessary to make a systematic
assessment of the potential tradeoffs across multiple ecosystem services that
arise as a result of land use and management decisions. However, policymakers
often lack the funding and/or expertise to develop methods with which to
evaluate complex tradeoffs involving land use changes, land management
practices, and the influence of both on valued ecosystem services. One solution
would be to adapt existing models and data to provide for characterization of
ecosystem services associated with different land uses.
Despite its importance, quantitative information at the landscape scale
that is useful for decision-makers remains scarce. Some limited economic
research has been done on ecosystem services related to water quality, such
as nutrient and sediment loading (Kling 2011, Swallow et al. 2009) but rarely
has focused on services related to water quantity, such as environmental
flow and flood risk. Moreover, previous studies on ecosystem services have
focused on one or two hydrological ecosystem services1 (Kling 2011, Swallow
et al. 2009); few have looked at tradeoffs among multiple services (Nelson et
al. 2009, Lautenbach et al. 2010). Lastly, most of the economic studies that
used a spatially explicit hydrological model were conducted in the context of
Chesapeake Bay (Richardson, Bucks, and Sadler 2008, Tomer and Locke 2011)
and the Upper Mississippi River Basin (Wu and Tanaka 2005, Kling 2011).
These gaps in the literature arise, in part, from conceptual and computational
challenges associated with (i) demonstrating links between choices in land
use/management and changes in hydrological regimes and (ii) linking changes
in hydrological outcomes to shifts in multiple ecosystem services that benefit
people (Korsgaard and Schou 2010).
To address these gaps in the literature, we focus on hydrological ecosystem
services—water quantity (environmental flow and flood risk) and quality
(nitrogen and phosphorus loads). In some areas, freshwater rivers and streams
are stressed by overwithdrawal of water (Watershed Counts 2012). As humans
withdraw a growing share of available freshwater, less is available to maintain
vital ecosystems. Already, freshwater fish species in Rhode Island are threatened
and declining (National Oceanic and Atmospheric Administration National
Marine Fisheries Service 2009). Resiliency to flood risk is a critical ecosystem
service in Rhode Island and other New England regions, especially in light of
expansion of impervious cover that comes with urbanization, which can lead
to increased occurrences of flash flooding and the magnitude of precipitation
1

Hydrological services are water-related ecosystem services that include both quantity and
quality of water.
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events generated by climate change. The quality of water in lakes for recreation
and health risks associated with drinking water are growing concerns in
Rhode Island (Rhode Island Department of Environmental Management
(RIDEM) (2012). A contribution of this research is our examination of spatial
heterogeneity and tradeoffs in provision of multiple ecosystem services
within a watershed, which provides information that can assist stakeholders
in targeting conservation efforts. This study also is one of the first to examine
tradeoffs among hydrological and other ecosystem services in the northeastern
United States. In addition to studying the impact of best management practices
(BMPs) (the focus of other studies), we examine the impact of shifts in land
use from agricultural and forest land to residential development, one of the key
stressors to ecosystem services in the region.
Our overall goal is to demonstrate a method for spatially quantifying multiple
ecosystem services and potential tradeoffs at the watershed scale. We examine
changes in ecosystem services that result from alternative scenarios based
on key stressors and factors—land use change, land management practices,
and climate change—using an existing hydrological model and data. First, we
quantify key hydrological ecosystem services under current land cover, land
management, and climatic conditions. Second, we develop seven scenarios
based on the key stressors. We simulate the effects of those scenarios on
hydrological ecosystem services and crop production in both biophysical and
monetary terms. Third, we illustrate how tradeoffs can be examined across
ecosystem services that arise from the scenarios when the data set is sufficient
to characterize the ecosystem services deemed relevant to land use policy.
We also show how such an analysis could be used to identify particular areas
within the watershed that can contribute a combination of services that could
benefit the watershed as a whole.
One of the challenges in measuring tradeoffs among ecosystem services is
ensuring that ecological and hydrological models reflect the complexities,
nonlinearities, and dynamic nature of the ecosystem (National Research
Council 2005). To infer the effects of land use and management choices with
useful spatial detail for decision-makers, we use the Soil and Water Assessment
Tool (SWAT), a process-based, spatially explicit hydrological model. Since
each piece of land plays an intricate part in the watershed, the stressors have
heterogeneous effects on the function of the ecosystem that depend on where
changes take place. A caveat to our analysis is that it includes ecosystem services
that are relevant only to environmental flow, flood risk, and water quality and
does not provide a complete accounting of all private and public benefits and
costs associated with land uses in the watershed. However, we show how
tradeoffs across selected ecosystem services could be evaluated qualitatively
using graphing and mapping methods.
Methodology

We demonstrate our approach using the Beaver River watershed as a case
study2 (Figure 1). Covering about eight square miles in southern Rhode Island,
the watershed is lightly developed with only 2.3 percent of land having been
converted to residential and commercial uses and more than 90 percent

2
The Beaver River streamflow monitoring gauge is located at the outlet of the Beaver River
watershed in Washington County (Hydrologic Unit 01090005, U.S. Geological Survey Water
Resource).
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Figure 1. Location Map of the Study Area
Source: Rhode Island Geographic Information System.

remaining as deciduous forest, softwood forest, and mixed forest (Rhode Island
Geographic Information System (RIGIS) 2012). Agricultural land uses comprise
only about 0.9 percent of the total area. During the past three decades, the
amount of agricultural land declined by 1 percent and the amount of deciduous
forest declined by 5 percent while conifer and mixed forests increased by about
2 percent and 3 percent, respectively.
The Beaver River watershed is exemplary of a watershed that is important
for hydrological ecosystem services such as environmental flow and water
quality.3 It is one of the major tributaries to the Pawcatuck River, beneath which
lies a supply of groundwater that serves as the sole source of drinking water for
more than 60,000 local residents (The Nature Conservancy 2012). Additionally,
it supports roughly 70 percent of Rhode Island’s globally imperiled species,
including the ringed boghaunter dragonfly (Williamsonia lintneri) (The Nature
3
The Beaver River watershed is comprised of first- through third-order streams that represent
headwater tributaries of a larger watershed. These low-order streams account for approximately
60–80 percent of total stream length within most watersheds (Leopold, Wolman, and Miller 1995,
Shreve 1969) and typically drain 70–80 percent of the total watershed area (Sedell et al. 1990,
Meyer et al. 2001). Given their location and abundance within a stream network, headwater
streams significantly contribute to the hydrological, physical, chemical, and biological integrity
of downstream waters (Meyer et al. 2001, Nadeau and Rains 2007, Vannote et al. 1980). In
New England, these headwater streams provide spawning and nursery grounds for coldwater
fisheries and anadromous fish. Further downstream, riverine functions and values are frequently
dominated by the effect of dams, reservoirs, and point sources of pollution. The ecosystem
functions of headwater streams such as those found within the Beaver River watershed are most
influenced by land use and nonpoint pollution, factors that are simulated by models such as SWAT.
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Conservancy 2012). However, we acknowledge that a limitation of focusing on
a small watershed such as the Beaver River is that we are not capturing the
effects of the scenarios on ecosystem services in areas further downstream.
Externalities may occur not only at other locations downstream but also at
different points in time.
Soil and Water Assessment Tool Model

We use SWAT, a spatially explicit hydrologic model, to quantify the effect of key
stressors on hydrological ecosystem services in the Beaver River watershed.
Developed by the U.S. Department of Agriculture’s (USDA’s) Agricultural
Research Service, SWAT is a process-based watershed-scale model to simulate
the quality and quantity of surface water and groundwater and predict the
environmental impacts of changes in land use, land management practices,
and climate. Compared to other hydrological models, SWAT has proven to be
an effective tool for assessing water resource and nonpoint-source pollution
problems for a wide range of scales and environmental conditions across the
globe (Gassman et al. 2007). Moreover, it has been widely used to simulate the
impacts of changes in land use, land management practices, and climate on the
quality and quantity of surface water and groundwater. Importantly, in a recent
study, Rabotyagov et al. (2010) found that SWAT generated site selections for
a reverse auction more cost-effectively than selections from the Universal Soil
Loss Equation (USLE) and Modified Universal Soil Loss Equation (MUSLE).
One advantage of SWAT is that the model can be calibrated and validated to
actual observations. This process allows SWAT to better reflect the physical
process of water and pollutant flux in a watershed, an advantage in simulating
environmental impacts of changes in land use/management and climate
change. SWAT also has an advantage over other models in that it uses readily
available data, can operate in large-scale basins, has the ability to simulate long
periods of time, and has a history of success (Arnold and Fohrer 2005).The
Beaver River watershed is at the lower bound of the range of watershed sizes
for which SWAT is suitable (Srinivasan 2009).
Data

We compiled data from multiple sources to derive parameters that control
the hydrologic process in SWAT. We used the U.S. Geological Survey’s (USGS’s)
twelve-digit hydrologic unit codes and national hydrography data set plus
a thirty-meter digital elevation model from the National Aeronautics and
Space Administration (NASA) ASTER Global Digital Elevation Map to provide
watershed configuration and topographic parameter estimation. For land use
and land cover data, we used 2003/04 RIGIS land use and cover data. The soil
map from the soil survey geographical database and slope and other attributes
were obtained from the USDA Natural Resources Conservation Service (NRCS)
(2009).4 Daily precipitation data and maximum and minimum daily temperature
4
The land use and cover data set is based on true-color digital orthophotography captured in
2003/04 at a two-foot-per-pixel resolution. The minimum mapping unit is 0.1 hectare for soil
survey geographic soil polygons, 20 meters for the national hydrography data set, and 5 feet for
the lake and pond data set.
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data for 1961 through 2010 were collected at the Kingston Weather Station in
Rhode Island.5
Definition of Hydrologic Response Units

The land use/cover, topographic, and soil data were compiled using ArcGIS
and ArcSWAT.6 We delineated 31 subbasins (see Appendix Figure 4).7 Each
subbasin was further subdivided into hydrologic response units (HRUs) that
represented portions of subbasins that possessed unique combinations of land
uses, soil types, and slopes. To define HRUs, we adopted a land use threshold
of 10 percent, which limited the land use to categories that covered at least
10 percent of the subwatershed. Since agricultural land in the Beaver River
watershed falls below that threshold but is an important part of this study, we
retained HRUs with agricultural land. In addition, we created new HRUs for
septic systems (no sewage treatment) based on population density (medium
density residential area equaled 2.0 dwellings per acre; medium-low density
residential area equaled 0.5 dwellings per acre). This resulted in 372 HRUs that
were comprised of forest, agricultural, residential, septic system, and other
land use types.
SWAT Calibration and Validation

Calibration and validation for the SWAT model followed an automated method
developed by Arnold and Allen (1999) and was based on land use/cover for
2003 and 2004. Each SWAT simulation was executed for 1987 through 2010.
This period included a three-year “warm up” period (1987–1989), a calibration
period (1990–1999), and a validation period (2000–2010). The modeled
streamflow for 1990–1999 was then compared to observed data on historical
water discharges from the USGS gauge located at the outlet of the watershed.8
Details of the sensitivity analysis are provided in the Appendix.
Graphical comparison of simulated versus observed monthly flows for the
calibration period (1990–1999) showed that the model predicted average
monthly flow reasonably well (see Appendix Figure 1). Moreover, the statistics
for overall fit indicated that the model tracked average monthly flow trends
during the validation period satisfactorily. The R-square of simulated versus
measured monthly average streamflow was 0.78 and the Nash-Sutcliffe
coefficient was 0.77.
In addition to calibrating the overall flow, which is the standard approach, we
calibrated both tails of the distribution (lowest 5 percent, lowest 10 percent,
highest 5 percent, and highest 10 percent of streamflow) to the observed data
using a seven-day moving average (see Appendix Table 1). Based on benchmarks
set by Moriasi et al. (2007), the overall simulation of the extreme events was
satisfactory. For example, based on PBIAS (percent bias), which measures
the average tendency of the simulated data to be larger or smaller than the
5
Kingston weather station (374266) is located at latitude 41.4906 and longitude –71.5414
(U.S. Historical Climatology Network 2012).
6
ArcSWAT is an ArcGIS extension and graphical user interface for SWAT developed by USDA’s
Agricultural Research Service.
7
The watershed outlet (sampling site) is located on the right bank of the river ten feet
downstream from Beaver River Bridge on State Highway 138 in Richmond (USGS).
8
USGS 01117468, Beaver River near Usquepaug, Rhode Island.
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observed counterpart (Gupta, Sorooshian, and Yapo 1999), our calibration of
the seven-day moving average for tails of the distribution was categorized as
“very good” for the lowest 5 percent and lowest 10 percent of the streamflow
distribution. The calibration for peak flow was “good” for the highest 10 percent
and “satisfactory” for the highest 5 percent of the streamflow.
Ecosystem Services and Their Indicators

For any study of ecosystem services, it is important to choose an appropriate
set of indicators that can represent the services that are critical to maintaining
human welfare and ecological integrity. We used simulated water discharges
and nutrient loadings from SWAT simulations to calculate alternative indicators
of environmental flow, flood risk, and water quality. Here we describe the
indicators for each ecosystem service.
Environmental flow is the volume of streamflow needed to sustain
ecosystems in downstream receiving wetlands, aquatic organisms, and the
overall health and vitality of a river system (USGS 2012). Alterations in land
use, differing management practices, and climate change can shift hydrology
and hence the aquatic ecosystem by changing physical habitats and disrupting
the natural connectivity of habitats (James et al. 2012). Many species may be
influenced by altered flow regimes. In particular, species are sensitive to the
timing of low-flow and extreme events. The issue of low environmental flow
has become more and more critical in Rhode Island and elsewhere due to large
uptakes of water to meet increasing demands for water (RIDEM 2012).
Since there is no single indicator for environmental flow, we follow the
hydrology literature and measure environmental flow using four indicators
that are complementary (James et al. 2012, Armstrong et al. 2004, Richardson
2005). Two widely used indicators are 7Q10 (seven consecutive days of low
flow with a ten-year return frequency) and 30Q1 (thirty consecutive days of
low flow with a one-year return frequency). In comparing scenarios using these
two indicators, we used Scenario 1 (baseline) as the benchmark, a reasonable
proxy for a fully forested watershed.
Although 7Q10 and 30Q1 describe the magnitude of changes in extreme
(low probability but high impact) events, they do not provide information on
how frequently such events may occur, which is correlated with how damaging
such changes may be for aquatic habitat. Hence, we followed an approach by
the U.S. Fish and Wildlife Service and used two additional indicators developed
by USGS and RIDEM that set thresholds below which the aquatic ecosystem
might be threatened: the Rhode Island aquatic base flow (RIABF) method and
the New England aquatic base flow method (Armstrong et al. 2004, Richardson
2005). We counted the number of days per month during the 20-year study
period (1990–2010) that the watershed’s median streamflow was below the
threshold to determine the percentage of below-threshold days per month (see
Table 3 and Appendix Table 3). The same percentages were calculated using
the New England aquatic base flow method (see Appendix Table 6).
We employed several indicators to measure flood risk: one-year floods,
two-year floods, and ten-year floods (Table 2), which represent the largest
streamflow annually, every two years, and every ten years on average.
Water quality was measured by total annual loading of nitrogen (N) and
phosphorus (P). SWAT allows users to quantify nutrient loadings at the subbasin
level as well as at the outlet of the watershed. We used both in the tradeoff
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analysis. As an extension, we also used a benefit-transfer method to value the
impacts of changes in land use and management practices in monetary terms
to reflect people’s preferences across different ecosystem services.
Table 1. Seven Scenarios

				
Scenario
Land Use Change
Crop
Practices
Scenario 1: Baseline

Status quo

Scenario 2: Conventional
Forest ⟶ Agricultural1
agriculture		

Corn
silage

Conventional
management

Scenario 3: BMP 			
agriculture			
			
			
			

Best management
practices, including
reduction in fertilizer
and a winter cover
crop (rye)

Scenario 4: Biofuel
Forest ⟶ Agricultural1
Corn
			
Scenario 5: Suburban
medium density
Scenario 6: Suburban
medium-low density

1
2

Climate
Change

Conventional
management

Forest ⟶ Residential2
(medium)
Forest ⟶ Residential2
(medium low)

Scenario 7: Climate
Status quo 			
change				
				
				

We changed forest land with soil type suitable for farming to agricultural land use.
We changed forest land with soil type suitable for construction to residential land use.

Coupled
General
Circulation
Model 3.1/T47

Table 2. Water Quantity and Quality Statistics from the Seven Scenarios
Environmental Flow

Scenario 1: Baseline

7Q10

Scenario 2: Conventional 0.021
agriculture
Scenario 3: BMP
agriculture

0.022

Scenario 6: Suburban
medium-low density

0.041

Scenario 4: Biofuel

Scenario 5: Suburban
medium density
Climate change
baseline*

Scenario 7: Climate
change scenario*

30Q1

1-Year

0.037

2.081

(cubic meters per second)

0.025

0.022

Flood Period

0.043
0.037

0.038

Nutrient Loading

2-Year 10-Year

(cubic meters per second)

2.114
2.097

2.101

2.803

2.839

2.789

2.794

5.838

5.718

5.757
5.74

0.087

0.124

6.752

8.674

12.62

0.026

0.039

6.61

8.45

15.24

0.022

0.068
0.037

3.805
7.42

5.294
8.98

8.557

22.58

Total N

Total P

157.142

1.037

(kg/ha)

24.626
70.411
42.656

197.515
205.666

0.483
0.676
0.464

2.765
1.169

* Climate change scenarios were created using monthly averages and SWAT’s WXGEN weather generator
to create daily runs for SWAT input.
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Land Use Change and Climate Change Scenarios

With the calibrated hydrological model, we investigated seven scenarios that
reflect potential stressors to ecosystem services from this watershed (Table 1)
and then ran SWAT from year 1987 to year 2010, which included a three-year
warming-up period. Daily streamflow and nutrient loadings were simulated at
the outlet of the watershed.9 To do so, we created three new digital maps of
projected land uses (Scenarios 2–6) and applied changes to the weather input
to simulate climate change impacts (Scenario 7). The alternative scenarios were
intended to illustrate the direction and extent to which ecosystem services
would change. By using scenarios involving drastic land use/management
changes, we illustrate the upper bounds and likely direction of potential
changes in ecosystem services. The percentage of area in the watershed in each
land use category under each scenario is shown in Appendix Table 2.
9

Please refer to footnote 6.

Table 3. Average Percent of Days each Month below the Requirement of
the Rhode Island Aquatic Base Flow
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Scenario 1: Baseline

22.1 42.7 25.2 25.5 46.1 65.2 42.3 37.1 22.0 10.0 10.5 11.1

Scenario 3: BMP
agriculture

24.0 43.4 28.2 27.3 51.6 68.2 43.1 37.7 25.5 11.0 11.7 13.4

Scenario 6: Suburban
medium-low density

20.3 38.2 19.8 19.7 32.4 49.3 33.5 28.4 19.2

Scenario 2: Conventional 22.4 43.2 27.9 26.8 48.5 69.7 44.0 38.5 25.7 11.6 11.5 12.9
agriculture
Scenario 4: Biofuel

Scenario 5: Suburban
medium density

22.1 43.4 27.3 26.8 47.7 67.0 42.6 37.6 25.2 11.8 11.5 12.9
26.1 42.7 23.9 20.5 34.5 46.0 28.5 17.3 12.0

5.8

8.2 13.1

8.7 10.7 12.3

Notes: The percentage of days below the threshold is averaged over 20 years. Results for Scenario 7 (climate
change) are not reported since these values were calculated based on simulated daily flows. The climate
change effects are simulated by imposing monthly changes to the weather so the simulated daily flows are
not reliable.

Table 4. Modeled Average Monthly Changes in Climate: 1980–2000
versus 2045–2065
Jan Feb Mar Apr May Jun
Precipitation
% change millimeters

6.9 –4.0 35.7 10.4

Minimum temperature
change degrees Celsius

2.5

Maximum temperature
change degrees Celsius

2.1

0.7

1.3

4.2
4.2

3.0

3.3

0.5

2.4

2.4

Jul Aug Sep Oct Nov Dec

8.5 –33.7 –7.9 –9.9

2.6
2.3

2.3
2.6

2.0

2.3

2.4

2.5

0.4 33.8 19.0

3.2

3.0

2.4

2.8

2.4

2.1

Note: These changes were calculated from two 20-year runs of the CGCM3.1/T47 model. These were
then applied to observed monthly average precipitation and temperature.
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Scenario 1: Baseline. This scenario used status quo land cover (land use
2003/04), land management, and climatic data. More than 97 percent of the
watershed was covered by forests (Appendix Table 2).10
Scenario 2: Conventional Agriculture. Under this scenario, all of the forest land
that had soil attributes suitable for cultivation was converted to agricultural
land. As a result, 16 percent of the forests were converted. We assumed that
corn silage was planted on the new agricultural land.
Scenario 3: BMP Agriculture. This scenario assumed the same land use
conversion as Scenario 2 but, in addition, we imposed a set of BMPs. Based on
the literature and the expert opinion of an agricultural extension specialist in
Rhode Island, we included reduced fertilizer application and a rye cover crop in
winter (Arabi et al. 2008, Burdett 2010) as BMPs. Corn silage was assumed to
be planted on farm land.
Scenario 4: Biofuel. We assumed the same land use conversion as Scenario 2,
but corn suitable for biofuel was planted instead of corn silage. This scenario
is relevant because farmers in Rhode Island, following the trend in the rest of
the United States, have started to produce corn for ethanol fuel.11 There are
two major differences between these two types of corn that could affect water
quantity and quality. Only half of the above-ground plant biomass is harvested
in corn production whereas 90 percent is harvested for corn silage. In addition,
corn provides more leaf cover at certain times than corn silage.
Scenario 5: Suburban Medium Density.12 Under this scenario, we converted all
the forest land that had soil properties that made it suitable for development
to residential land use (about 54 percent of the watershed) to medium density
residential (2.0 dwellings per acre).
Scenario 6: Suburban Medium-Low Density. This scenario assumed the same
land use conversion as Scenario 5, but forest land was converted to mediumlow density residential development (0.5 dwellings per acre).
Scenario 7: Climate Change. We examined the impact of climate change by
assuming the baseline land use in 2003/04 (same as Scenario 1) (Appendix
Table 2). From various climate change models available, we chose downscaled,
bias-corrected model runs of a general circulation model (CGCM3.1/T47)
because its fine resolution of one-eighth degree was more appropriate given the
small size of our watershed (as opposed to the two-degree raw output from the
same model). These model runs were conducted under the SRES A2 emission
scenario, which implied a doubling of carbon dioxide (CO2) concentrations by
2038 (Mearns et al. 2005, Pachauri 2007).13 The downscaled data were made
available by the World Climate Research Program’s (WCRP’s) bias-corrected,
downscaled Coupled Model Intercomparison Project phase 3 (CMIP3) climate
projections archive (Maurer et al. 2010).
10
Crop growth is simulated in SWAT using the modeling approach from the Erosion Productivity
Impact Calculator (EPIC) (Williams, Jones, and Dyke 1984). EPIC allows for variation in growth
for different plant species and variation due to climate and growth conditions (Neppel et al.
2002). Crop types and their biomasses (such as the canopy and its maximum leaf index) influence
evapotranspiration and surface runoff and the speed of those processes.
11
For example, Sodco, Inc. in southern Rhode Island started to grow corn for fuel in 2009.
12
During the past couple of decades, there has been a 78 percent increase in residential
development in Rhode Island with a decline in both agricultural and forest land (Archetto and
Wang 2012). Though some of the scenarios we created were drastic, they simulated what could
happen if current trends continue.
13
The model runs were conducted as part of the World Climate Research Program’s (WCRP’s)
Coupled Model Intercomparison Project phase 3 (CMIP3) multi-model data set.
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To reflect simulated changes in temperature and precipitation, we followed
the delta method suggested by Stone (2003) and the Intergovernmental Panel
on Climate Change (IPCC) (2012). We extracted monthly differences in degrees
Celsius and ratios for precipitation between modeled past data (1980–2000)
and predicted future data (2045–2065). These simulated changes implied an
increasing average maximum and minimum temperature for all months (with
a range of 2–4 degrees) and a decrease in summer rainfall (range of 7–33
percent ) (Table 4). We applied these differences to the observed monthly
data, which we then used as inputs to the calibrated SWAT model to estimate
hydrological outputs and crop yields. We then used two 20-year SWAT runs to
compare differences in the relevant hydrological indicators from both periods.
Results of Scenario Simulations

The scenarios demonstrate the effects of land use/management choices
clearly and verify the theoretical relationships expected (Table 2). Increased
amounts of impervious surfaces lead to increasing surface runoff and result
in larger floods and increased environmental flows (Allan and Castillo 2007).
A reduction in the fertilizer application rate (kilograms (kg) per hectare (ha))
or adoption of other BMPs (Meals, Dressing, and Davenport 2010, Park et al.
1994) induces less nutrient loading. Conversion of forested land to agricultural
land (Scenarios 2–4) results in a reduction of the environmental flow indicators.
For example, converting 16 percent of the watershed from forest to corn silage
fields (Scenario 2) decreases 7Q10 from 0.025 cubic meters per second (cms) to
0.021 cms, which is a 16 percent reduction in the environmental flow. Similarly,
30Q1 decreases from 0.043 cms to 0.037 cms, a 14 percent reduction. Changes
in environmental flow indicators such as 7Q10 and 30Q1 reflect a drier extreme
(lower low flows) with potentially detrimental effects for aquatic habitat
(Richardson 2005).
We find that a conversion from forest land to crop land results not only in
increases in magnitude but also in more frequent extreme dry events (Table 3).
This effect is larger in the drier summer months of May, June, and July. In June,
for example, a 16 percent conversion of the watershed from forest to corn
silage resulted in an average of 4.5 percent more days that failed to meet the
minimum threshold required to maintain the aquatic habitat. In contrast to the
environmental flow indicators, the flood risk indicators showed only a minor
effect under these scenarios, decreasing slightly in magnitude by 1 percent or
remaining the same (Table 2).
Conversion from forest land to crop land has more drastic implications for
water quality than water quantity (Table 2). Increased nitrogen and phosphorus
is a result of nutrient runoff from agricultural land. Not surprisingly, converting
large areas of forested land to agriculture results in increased concentrations
of both nitrogen and phosphorus. In contrast to conventional agricultural
practices (Scenario 2), implementing BMPs (Scenario 3) reduces these loadings
by almost half. For example, the total nitrogen loading falls from 157 kg/ha to
70 kg/ha and total phosphorus loading drops from 1 kg/ha to 0.68 kg/ha.
Interestingly, growing corn instead of corn silage (Scenario 4) results in
a significant reduction in total nutrient loads (Table 2). For example, compared
to the scenario with BMPs (Scenario 3), total nitrogen loading drops from
70 kg/ha to 42 kg/ha and total phosphorus loading falls from 0.68 kg/ha to
0.46 kg/ha. This may reflect the difference in fertilizer applied (less is used
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to grow corn than corn silage)14 and how much biomass is left on the ground
after harvest. Only half of the above-ground plant biomass is harvested in corn
production whereas 90 percent is harvested for corn silage.
Next, the results of the suburban scenarios (5 and 6) show that the
urbanization trend could have an impact on our ecosystem services of interest
(Table 2). The increase in impervious surfaces and conversion of forest cover
lead to increases in base flow as measured by the environmental flow indicators.
This comes at the expense of an increase in flood risk. For example, the 7Q10
indicator is 2.5 times larger while the two-year flood indicator is more than
twice as large when forested land is developed into medium density residential.
While an increase in environmental flow may be beneficial, development comes
at the cost of water quality as well. Nitrogen and phosphorus loads increase
greatly with development and with medium-low residential density without
sewage systems (Scenario 6).
We apply projected changes in climate (see Table 4) to create the climate
change scenario (Scenario 7) and find that climate change will reduce
environmental flows during summer months and raise the flood risk in the
winter (Table 2). Modeled changes in average daily flow by month are shown
in Appendix Figure 2. Due to both decreased summer rainfall and additional
evapotranspiration stemming from higher daily temperatures, environmental
flows as measured by 7Q10 are projected to decrease by around 12 percent,
resulting in the historically low-flow months of summer becoming drier and
leading to even smaller environmental flows. Winter precipitation is predicted
to increase by as much as 33 percent in some months. Flood events measured
by high daily flows are also predicted to increase. For example, a current tenyear flood event may happen every 7 years, a two-year flood every 1.6 years,
and a one-year flood every 0.6 years under the climate change scenario. These
general results are consistent with other studies of climate change for the
Northeast using an ensemble of climate models (Hayhoe et al. 2008).
It is worth noting that the climate model’s ability to reproduce observed
magnitudes, timings, and durations of precipitation events is susceptible to the
high interannual variability of precipitation. For instance, any trends calculated
as beginning or ending during multi-year drought events would change the
results substantially (Hayhoe et al. 2006). Our results should be interpreted as
the effects of a plausible series of precipitation events under a climate change
scenario. Since the changes are based on deviations between modeled past and
future monthly means, the changes in our indicators reflect only a mean shift in
the observed precipitation distribution.
Valuation of Ecosystem Services

We next evaluated the impacts of stressors and land management practices in
monetary terms to reflect people’s preferences for different ecosystem services.
A common metric of value makes a tradeoff analysis between varying goods
and services easy to conduct and aggregate (Kumar et al. 2010). We resorted
to the existing valuation literature and used a simple benefit-transfer method.
Although benefit transfer may not be the most accurate valuation approach, it
14
In Scenario 3 (BMP agriculture), we applied manure at 150 pounds of nitrogen per acre and
60 pounds of phosphorus per acre. This amount was significantly more than the amount applied
in Scenario 4 (biofuel), which used the default value applied as 31.19 pounds of nitrogen per acre
and no phosphorus.
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has the advantage of being a less costly way to capture the relative importance
of ecosystem services using a common scale and often is used as a screening
technique at an early stage of policy analysis (King and Mazzotta 2000).
Although we refrained from computing total net value from each scenario
because we were not capturing the value of all ecosystem services, our results
can be used to compare tradeoffs among alternative scenarios and serve as a
pre-assessment of future policy scenarios.
Corn. Following an approach taken by the U.S. Fish and Wildlife Service, we
assumed a constant of $6.25 per bushel based on 2012 prices (USDA 2012).
Following Snyder (2011), we priced corn silage at $1.46 per bushel. We
assumed that the profitability for both corn and corn silage was 22 percent
(Ibendahl 2012).
Environmental Flow. Karanja et al. (2008) estimated WTP to maintain
environmental flow was $13 per year per person. Based on their study, we
assumed that all Washington County residents were willing to pay $0.03 per
day to maintain the environmental flow needed to protect rare wildlife species
in the watershed. According to the RIABF (Appendix Table 3), we can calculate
people’s WTP for 20 years to maintain the environmental flow by multiplying
$0.03 by the number of days the flow dropped below the RIABF threshold. Then
we multiply that result by the number of residents living in Washington County
based on U.S. census data (126,563) and divide by 20 years. In this way, we
determine an approximate estimate of the benefit of the environmental flow
per year.
Flood Risk. Based on historical peak flow data, we assumed that a streamflow
of 250 cubic feet per second was the threshold for a flood event. To estimate the
damage cost from a flood at the outlet of the Beaver River watershed, we started
with the average flood insurance premium in Richmond, Rhode Island, which
was $1,717 per year for both buildings and contents in 2012 dollars (National
Flood Insurance Program 2012). Dividing by a 10 percent probability of a flood
event (based on historic streamflow observations), we estimated the expected
damage from flooding for each household as $17,170. Based on the number
of households in a two-mile radius at the watershed outlet, we assumed, for
simplicity, that 4,000 residents (1,300 households) would be affected by a flood
event. We then multiplied the total damage cost per flood event by the number
of predicted flood events under each scenario.
Water Quality. We took into account the effects of nitrogen and phosphorus
on drinking water and recreation. Van Grinsven et al. (2010) estimated
that the health cost of nitrate in drinking water at $3.38 per kg. Birch et al.
(2011) estimated the cost of damage to recreational use of an estuary due to
eutrophication at $6.38 per kg. Thus, for the total damage cost of nitrogen, we
used $10.14 per kg in 2012 U.S. dollars. For the damage cost from phosphorus,
we used the estimated damage cost function for both drinking water treatment
and recreation losses (Ancev et al. 2006).15
Residential Development. We used the per-acre vacant land price (without
buildings) and the annual interest earned from selling the land as a proxy for the
return from residential development by modifying the approach of Lubowski et
al. (2002, 2008). The per-acre vacant land price was calculated by dividing the
lands’ assessed tax value by the number of acres in a lot. The median for vacant
land was $143,800 per acre for medium density residential development and
Total cost was estimated by the damage cost function D(Z) = 585,446.9 – 59.93Z + 0.0015Z2
(Z denotes the average phosphorus concentration).
15
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$71,500 per acre for medium-low density development in 2010 in Richmond,
Rhode Island. Based on assumptions about land use changes in suburban
residential development, $366,977,600 and $182,468,000 respectively would
be the instantaneous benefits.16 By combining that information with data on
real interest rates (The World Bank 2012), we estimated the annual return from
residential development as $35,156,454 for medium density and $17,480,434
for medium-low density residential development.
Comparison of Ecosystem Service Values across Scenarios

In contrast to the changes in indicators of ecosystem services examined earlier,
the valuation exercise reveals the relative magnitude of changes and the
tradeoffs across scenarios (Table 5). Our results for the agricultural scenarios
suggest that increases in profit from growing corn dominate losses from smaller
environmental flows and degraded water quality (rows 1 to 3). For example, in
the conventional agriculture scenario (Scenario 2), conversion to corn silage
creates an additional profit from crops of $65 million relative to the baseline.
That amount far outweighs the monetary losses associated with environmental
flow ($253,479) and larger losses from additional nitrogen ($2.7 million) and
phosphorus ($0.063 million) compared to the baseline. By imposing BMPs
(Scenario 3) and growing corn instead of corn silage for biofuel (Scenario 4),
the results show a much smaller loss from nutrient loading.
Our results also indicate that the increase in costs associated with flood
damage will be much larger under the suburban scenarios and will far outweigh
the benefits of environmental flows (Table 5, rows 4 and 5). With conversion to
agricultural land, the probability of flood is 5 percent each year. However, the
risk increases to 10 percent in the medium-low density scenario and 75 percent
for medium density residential development. For the suburban scenarios, the
cost of flood damage is large because of an increase in nutrient loads. However,
given our assumptions, the benefit from residential development outweighs
the benefits lost in ecosystem services.
Tradeoff Analysis

In applications, it is important for policymakers to understand the extent to
which tradeoffs and heterogeneity exist in providing ecosystem services
within the watershed. Understanding heterogeneity in ecosystem services
across different parts of a study area is essential for government agencies and
conservation groups where the goal is to enhance multiple ecosystem services
under a fixed budget. Although we lacked sufficient data to provide a complete
accounting of tradeoffs among all policy-relevant ecosystem services in the
watershed that could be influenced by the scenarios, we can illustrate how
tradeoffs can be evaluated when a sufficient supply of data is available.
We took two approaches to assessing the tradeoffs. First, we examined the
heterogeneity and tradeoffs within a watershed by measuring ecosystem
service indicators for each of the 31 subbasins, graphing the distribution of
two ecosystem services at a time, and comparing them across the six scenarios.
We then focused on the conventional agriculture scenario (Scenario 2)
and extended a mapping approach by Swallow et al. (2009) to examine the
16

In Scenario 5 (medium density development) and 6 (medium-low density development), we
assumed that there would be a 2,552-acre increase in residential development.
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heterogeneity and tradeoffs within the watershed visually. We characterized
the level of ecosystem service in each subbasin as “high” (“low”) when the value
exceeded (was less than) the median value of the 31 subbasins.
Results: Tradeoffs across Scenarios

We show the tradeoffs among ecosystem services considered in our analysis for
the scenarios at the watershed level in Figures 2 through 4 and Appendix Figure
3. Each point represents a unique subbasin with a combination of crop yield
(vertical axes) and 7Q10 (horizontal axes, Figure 2), two-year flood (Appendix
Figure 3), and total nitrogen and phosphorus loading (Figures 3 and 4).
Several findings are interesting. First, the extent of heterogeneity depends on
the ecosystem service. For example, under the baseline scenario (Scenario 1),
variations by subbasin between crop yield and environmental flow (Figure
2, panel 1) or flood risk (Appendix Figure 3, panel 1) are small. However, we
observe relatively large variability in total annual nitrogen loading. Some
subwatersheds that have similar crop yields differ in the amount of nitrogen
loading (Figure 3, panel 1). These results imply that subbasins have inherently
different characteristics in generating some types of ecosystem (dis)services
such as total nitrogen loading even without stressors or changes in land
management practices. As an example, in the baseline scenario, subbasins 17
and 18 have about the same agricultural land use (Appendix Figures 6 and 7),
but there is a big difference in nitrogen loading, suggesting that factors such as
soil types, slopes, and other intrinsic characteristics influence nutrient loading.
These findings are consistent with another tradeoff analysis that used different
policy scenarios (Lautenbach et al. 2010).
Table 5. Annual Benefit in 2012 U.S. Dollars of Ecosystem Services from
Alternative Scenarios Relative to the Baseline
				
Crop
Profit

Environmental Flood
Flow
Damage

Scenario 2:
$65,400,754
Conventional
agriculture
Scenario 3:
BMP
agriculture
Scenario 4:
Biofuel

Damage
from N

Damage
from P

Housing
Value

–$253,479

$0

–$2,744,532

–$62,544

$0

$26,958,467

–$278,648

$0

–$948,251

–$22,225

$0

$13,137,433

–$176,177

$891,672

$0

–$373,418

–$2,213

–$14,422,800 –$3,580,695 –$232,951

$0

$35,156,454

$22,703

$735,270

–$1,030,200

–$3,749,510

–$76,880

$17,480,434

Scenario 5:
$163,211
Suburban
medium density
Scenario 6:
Suburban
medium-low
density

Nutrient Loading

Note: Housing value is not an ecosystem service but it is included for comparison and tradeoff analysis
purposes.
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Figure 2. Tradeoff between Crop Yield and Environmental Flow in Different
Scenarios
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Figure 3. Tradeoff between Crop Yield and Annual Nitrogen Loading in
Different Scenarios
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Moreover, the extent of tradeoffs among the subset of ecosystem services
considered in our analysis depends on which services are compared and on the
stressors and land management practices involved. We find limited tradeoffs
between crop yield and environmental flow or flood risk (Figure 2 and
Appendix Figure 3), but there is a clearer tradeoff between crop yield and total
nutrient loading (Figures 3 and 4), especially under the agricultural scenarios
(Scenarios 2–4).
These tradeoffs are driven not only by differences in the area converted to
agriculture or suburban uses (decided based on soil type suitability) but also by
yields and subbasin characteristics that cause some subbasins to generate more
nitrogen and phosphorus than others. As an illustrative example, we compared
subbasins 5 and 22, both of which involve a conversion to crop land of about
21 percent under the agricultural scenarios (Figure 4). However, even with the
same proportion of subbasin committed to crop land, subbasin 22 generates
significantly more phosphorus loading than subbasin 5 while at the same time
generating larger crop yields. The large difference in nutrient loading and
crop yields does not come from the area of agricultural land since they have
the same percentage of conversion and adopt the same management practices
(fertilizer applied, timing of planting and harvesting, etc.). Other subbasin
characteristics make subbasin 22 more prone to phosphorus loading (Figure
4, Scenario 2–4). For nitrogen, subbasins 5 and 22 are not good examples since
nitrogen loadings for the two are noticeably different even in the baseline case.
This may be because the baseline for subbasin 22 includes septic systems,
which contribute to higher nitrogen loading. However, by carefully examining
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Figure 4. Tradeoff between Crop Yield and Annual Phosphorus Loading in
Different Scenarios
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the change in nitrogen loading under the traditional agricultural scenario,
we found that subbasin 22 also is more prone to nitrogen loading despite the
difference shown in Figure 3 (Scenario 1–2).
Likewise, in the suburban scenarios (Scenario 5), subbasins 3 and 28 respond
very differently in terms of nitrogen and phosphorus loadings after converting
nearly the same amount of land to medium density residential use (Appendix
Figures 8 and 9). This difference in the simulated impact is due mostly to
differences in inherent characteristics of the subbasins, such as distance from
the river of septic systems and soil types, rather than simply to differences in
the amount of land converted to suburban use.
These plots also confirm the general tradeoffs found in reviewing the
scenarios with our raw indicators from Table 2. For instance, changing land
use from forest to agriculture (Scenario 2 and 3) increases the crop yield
significantly but decreases the environmental flow for most of the subbasins.
Implementing BMPs decreases crop yields but increases the environmental
flow compared to the conventional scenario.
This observed difference in influence of long-term drivers (land use change,
land management) on ecosystem services in two relatively close subbasins
such as 5 and 22 leads us to conclude that there is important heterogeneity
among subbasins within the watershed. One can explore this further by
modeling ecosystem service tradeoffs measured over the whole watershed
under one scenario. Next, we investigate the heterogeneity of the subbasins’
provision of ecosystem services under the conventional agriculture scenario as
an important first step toward targeting the pieces of the watershed that are
most important for supplying particular ecosystem services.
Tradeoffs in the Conventional Agriculture Scenario

Our mapping exercise further clarifies that there are tradeoffs geographically
in deciding where to prioritize conservation investments (Figure 5). We
illustrate this point using the conventional agriculture scenario (Scenario 2).
To get the “biggest bang for the buck,” one strategy for agencies is to target
subbasins that currently have low environmental flow, high flood risk, and
high nitrogen and phosphorus concentrations but are capable of generating
high crop yields. For illustration purposes, Figure 5 gives four combinations of
ecosystem services.17 For example, agencies may prioritize subbasins with high
crop yields and low environmental flow (panel a). However, subbasins with
relatively low environmental flows do not have high flood risk (panel b). Hence,
decision-makers would face a tradeoff between protecting environmental flow
and mitigating flood risk. As another example, agencies may target subbasins
that have high crop yields and high nitrogen concentrations. Although many of
these subbasins also have high phosphorus concentration, some of the basins
with high phosphorus concentrations (panel d) actually have low nitrogen
concentrations (panel c). This implies that intrinsic site variables (such as
soil attributes and slope) cause the difference in these two forms of nutrient
loading. This finding is potentially useful for stakeholders when deciding where
and how to target conservation efforts depends on the ecosystem services of
interest.
17

This case study demonstrated five ecosystem services and resulted in 26 unique combinations
of ecosystem services.
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Figure 5. Tradeoffs in Ecosystem Services in the Beaver River Watershed
Discussion and Conclusions
We examined a watershed that sits on an increasingly valuable and vulnerable
rural-urban fringe. With pressure for local food production, the value of the
land for agriculture increasingly will be weighed against suburban residential
development. Both of these possible land uses will result in changes in
ecosystem services such as flood resilience and habitat base flows, which are
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the primary subject of this research. The scenarios were chosen to demonstrate
the effects of land use, management practices, and climate change on multiple
ecosystem services.
We illustrated one way to simulate the impact of stressors and BMPs on
ecosystem services using an existing process-based hydrological model and
data. The temporal and spatial details of the stressors, land management
practices, and climate and the hydrological outputs are important in studies
of hydrological ecosystem services because where and when things happen
influence the effect of those changes on ecosystem services. However, we made
several simplifying assumptions in the hydrological modeling. For example,
there may be more irrigation with expansion of agricultural land and more
wells drilled for drinking water with residential development. The hydrological
modeling can be improved by incorporating those factors.
The climate change scenario highlights an additional potential stressor on
hydrological ecosystem services. Due to uncertainty in modeling of precipitation
in climate models, additional research is needed to account properly for
possible changes in the variability of future precipitation events. However, we
can start to explore the effect that land use choices will have when they occur in
a plausible future climate scenario. When we combine the crop silage scenario
(2) with climate change (Scenario 7), it is evident that there is no simple linear
interpretation of the effects of land use and climate change taken together.
For instance, although environmental flow is predicted to decrease under
Scenario 2 (–40 percent) and under climate change (Scenario 7, –10 percent),
the combined effect is not additive (–17 percent). Additional work must be done
to more fully understand the implications of land use change on the resilience of
a watershed to future climate conditions. Similarly, when we combine medium
density residential development (Scenario 6) with climate change (Scenario 7),
we see a doubling of the magnitude of a ten-year flood. Under Scenario 6 alone,
there was only a 60 percent increase in the same flood measure.
Although we provide only a crude measure of values, our valuation method
reveals some important relationships that put the tradeoffs between ecosystem
services in perspective. Of the three agricultural scenarios, conventional
practices generate the highest crop yields and thus the greatest benefit when
taking into account the cost of damage from decreased environmental flow and
increased nutrient loading. In the suburban scenarios, the cost of flood damage
far exceeds the benefits gained from greater environmental flow even without
taking into account the cost of damage from nutrient loading. By valuing
multiple ecosystem services under different scenarios using a benefit-transfer
method, policymakers can compare monetary tradeoffs for different choices
and target the critical ecosystem services that most concern them. However,
due to the large set of possible ecosystem service values, we can obtain only
gross estimates for values from multiple ecosystem services.
Our analysis was conducted to illustrate a method by which to characterize
the influence of changes in land use and management on ecosystem services
using existing hydrological models. We acknowledge that our analysis only
includes relevant ecosystem services and does not provide a complete
accounting of all private and public benefits and costs associated with land uses
in the watershed examined (others include timber production, biodiversity,
carbon sequestration, and crop pollination). Any application of our method
would need to include the ecosystem services deemed relevant to the land uses
and policy context of interest.
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Despite these caveats, our case study provides a starting point for stakeholders
to begin to take into account both physical and monetary aspects of multiple
ecosystem services in the decision-making process. The graphical and mapping
approaches may assist them as they choose among many competing land use
and land management options.
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